ADDITIONAL INDEX WORDS. abscission, calamondin, ethylene, indole-3-acetic acid, jasmonic acid, 'Valenciaʼ sweet orange ABSTRACT. Colletotrichum acutatum J. H. Simmonds infects citrus fl ower petals, causing brownish lesions, young fruit drop, production of persistent calyces, and leaf distortion. This suggests that hormones may be involved in symptom development. To identify the types of hormones, cDNA clones encoding proteins related to ethylene and jasmonate (JA) biosynthesis, indole-3-acetic acid (IAA) regulation, cell-wall modifi cation, signal transduction, or fruit ripening were used to examine differential gene expressions in calamondin (Citrus madurensis Lour) and/or 'Valenciaʼ sweet orange (Citrus sinensis Osbeck) after C. acutatum infection. Northern-blot analyses revealed that the genes encoding 1-aminocyclopropane-1-carboxylate (ACC) oxidase and 12-oxophytodienoate required for ethylene and JA biosynthesis, respectively, were highly up-regulated in both citrus species. Both gene transcripts increased markedly in petals, young fruit and stigmas, but not in calyces. The transcripts of the genes encoding IAA glucose transferase and auxin-responsive GH3-like protein, but not IAA amino acid hydrolyase, also markedly increased in both species 5 days after inoculation. The expansin and chitinase genes were slightly up-regulated, whereas the senescence-induced nuclease and ß-galactosidase genes were down-regulated in calamondin. No differential expression of transcripts was detected for the genes encoding expansin, polygalacturonase, and serine-threonine kinase in sweet orange. As compared to the water controls, infection of C. acutatum increased ethylene and IAA levels by 3-and 140-fold. In contrast, abscisic acid (ABA) levels were not signifi cantly changed. Collectively, the results indicate that infection by C. acutatum of citrus fl owers triggered differential gene expressions, mainly associated with IAA, ethylene, and JA production and regulation, and increased hormone concentrations, consistent with the hypothesis of the involvement of phytohormones in postbloom fruit drop.
Postbloom fruit drop (PFD) of citrus is caused by Colletotrichum acutatum J.H. Simmonds, and is characterized by necrotic brown lesions on petals, blossom blight, and premature fruit drop (Timmer and Brown, 2000) . PFD was fi rst noticed in 1956, but the description of disease and its causal fungus were reported two decades later (Fagan, 1979) . Since then, PFD has been widespread in the humid tropics and subtropics of the Americas, and has become a limiting factor for citrus production in many areas (Timmer and Brown, 2000) . PFD causes signifi cant yield loss due to induction of young fruit abscission, sometimes up to 100% without fungicide applications.
Colletotrichum acutatum infects almost all citrus but limes (Citrus aurantifolia Christm.) and lemons (Citrus limon Burm.). Among them, 'Navelʼ, 'Natalʼ and 'Valenciaʼ sweet oranges (C. sinensis Osbeck) are the most susceptible. Colletotrichum acutatum survives as appressoria on vegetative tissues to form quiescent infections. Unlike other Colletotrichum species, C. acutatum does not invade citrus tissues on which the quiescent stage is formed. Rather, appressoria germinate to form hyphae and a few conidia which infect fl ower petals. During bloom, conidia are splash-dispersed from fl ower to fl ower. The fungus infects and reproduces only on fl ower petals. Thus, the incidence of PFD disease is highly dependent on the amount of rainfall and off-season blooming (Timmer et al., 1994) .
The most distinguishing characteristics of PFD are induction of young fruit abscission and formation of persistent calyces, commonly called buttons, that remain attached to the tree (Timmer et al., 1994) . The persistent calyces are attached on the peduncles and are only found on the affected fl ower clusters, providing a year-round diagnostic symptom. The healthy fl owers and fruit adjacent to affected fl owers also tend to drop before setting fruit, and form persistent calyces. Some affected fruit remain on the peduncles, but their development is prevented. Leaves on affected infl orescences are usually small, chlorotic and twisted with enlarged veins. Thus, phytohormones may be involved in symptom development associated with PFD (Timmer and Brown, 2000) . The identities of these hormones remain unknown.
Little is known of the mechanisms by which C. acutatum infects citrus petals and results in young fruit drop. A recently developed transformation system will facilitate genetic manipulation of the causal fungus for identifi cation and analysis of genes required for fungal pathogenicity or virulence (Chung et al., 2002) . To understand the possible mechanisms for young fruit drop, we examined the differential expression patterns of cDNA clones related to hormone biosynthesis and regulation in the fl owers of calamondin (Citrus madurensis Lour) and 'Valenciaʼ sweet orange after C. acutatum infection. The genes encoding ethylene and jasmonic acid (JA) biosynthetic pathways, and indole-3-acetic acid (IAA) regulation are highly up-regulated in the PFD-affected fl owers. The amounts of IAA and ethylene, but not abscisic acid (ABA) were also highly accumulated. High levels of IAA and ethylene may result from de novo biosynthesis from the host plant and/or the fungal pathogen. Recently, the production of IAA by C. acutatum in culture was observed (unpublished data), suggesting that C. acutatum may play a role in increasing IAA. We also analyzed the expression patterns of the genes for signal transduction and cell-wall modifi cation that have been suggested to be related to fruit abscission. The results suggest that imbalance of IAA, ethylene and JA in C. acutatum-infected fl owers may be involved in young fruit drop and other symptoms.
Materials and Methods

BIOLOGICAL MATERIALS AND THEIR MAINTENANCE.
Calamondin producing off-season infl orescences and sweet orange were selected for the assessment of gene expression after inoculation of C. acutatum J. H. Simmonds. Both species are highly susceptible to C. acutatum. Plants were maintained in a screenhouse (Citrus Research and Education Center, Lake Alfred, Fla.), and development of infl orescences usually occurs in February-March in Florida. Fungal isolates (SM3 and SRL-FTP) of C. acutatum were recovered from infected fl ower petals of sweet orange in Florida (Chung et al., 2002) , and were subsequently single-spore isolated. For longterm storage, fungus was grown on a layer of sterilized fi lter paper, and stored at -20 °C. Fungal cultures were maintained routinely on potato dextrose agar (PDA, Difco, Detroit, Mich.). For inoculation, fungal cultures were grown on PDA under continuous fl uorescent light for 5 d, and conidia were washed off with sterile water. After washing once with water, conidia were harvested by centrifugation (5000 gn for 5 min), and the concentration was adjusted to 5 × 10 4 conidia per mL. The conidial suspension was sprayed onto calamondin or sweet orange fl owers at full bloom using a SpraTool sprayer (Crown, Woodstock, Ill.) , and the inoculated fl ower clusters were covered with a plastic bag for 16 h to allow infection. The control plants were sprayed with water only. The affected petals developed water-soaked, orange brown lesions after 4 to 5 d. The affected fl owers including young fruit were harvested at 2-d intervals postinoculation. Some calamondin fl owers were separated into petals, fruit, stigmas, or calyces. Samples were frozen in liquid nitrogen, and immediately subjected to total RNA isolation.
DNA MANIPULATION AND PROBE LABELING. Several hundred cDNA fragments that were differentially expressed after abscission agent (200 mg·L -1 5-chloro-3-methyl-1-nitro-pyrazole) application were identifi ed by subtraction hybridization from cDNA libraries prepared from fruit abscission zones of 'Valenciaʼ (Burns, 2002) . The cDNA fragments were end-fi lled with adaptors (Clontech, Palo Alto, Calif.), then amplifi ed by PCR using two linker primers (5ʼ-TCG AGC GGC CGC CCG GGC AGG T-3ʼ and 5ʼ-AGC GTG GTC GCG GCC GAG GT-3ʼ) and directly cloned into pGEM-T vector (Promega, Madison, Wis.) for sequence analyses. Database searches and comparisons were conducted using the BLAST network service at National Center for Biotechnology Information (NCBI) and ExPASy Molecular Biology servers. Oligonucleotide primers were synthesized by Integrated DNA Technologies (Coralville, Iowa). In total, 13 cDNA clones related to hormone regulation, signal transduction, cell wall modifi cation, and pathogen defense (Table 1) were selected to examine their regulation before PFD development after C. acutatum infection. Expression of the genes encoding senescence-induced nuclease and ß-galactosidase was tested only in the calamondin, whereas genes encoding polygalacturonase and serine/threonine kinase were tested only in 'Valenciaʼ sweet orange. Nine other cDNA clones were examined for differential expression in both citrus species. Plasmid DNA was propagated in Escherichia coli DH5α competent cells (Invitrogen Life Technologies, Carlsbad, Calif.) , and was isolated with a Wizard DNA purifi cation kit (Promega). DNA probes used for northern-blot analyses were labeled by PCR incorporation of digoxigenin (DIG)-11-dUTP (Roche Applied Science, Indianapolis, Ind.) using the linker primers. The conditions used for PCR amplifi cation and labeling were as previously described (Chung et al., 1996) . RNA ISOLATION AND NORTHERN-BLOT ANALYSIS. Total plant RNA was extracted with a RNA Isolator kit (Invitrogen). For RNA blotting analyses, ≈10 µg of total RNA was denatured in a 5× RNA loading buffer [40 mM ethylene diaminetetraacetate (EDTA), pH8.0; 1 M formaldehyde; 20% glycerol; 0.3% formamide; 0.16% saturatured bromophenol blue; 4× gel running buffer] at 65 ºC for 5 min. The running buffer containing 200 mM 3-N-[morpholino]propanesulfonic acid (MOPS); 50 mM sodium acetate and 10 mM EDTA (pH 7.0) was prepared as a 10× stock solution. The denatured RNA was separated by electrophoresis in formaldehyde-containing agarose gels (1.2%), and transferred onto positively charged nylon membranes (Osmonics, Westborough, Mass.). Hybridizations using PCR-generating DNA probes were performed in the PerfectHyb solution (Sigma, St. Louis, Mo.) at 68 °C for 3 h. After hybridization, membranes were washed in 0.1× SSC and 0.1% sodium dodecyl sulfate (SDS) at 68 °C for 1 h. Immunological detection of labeled probe using CSPD readyto-use chemiluminescent substrate for alkaline phosphatase was conducted according to manufacturerʼs recommendation (Roche Applied Science, Indianapolis, Ind.). PURIFICATION AND DETECTION OF PLANT HORMONES. After C. acutatum inoculation, necrotic lesions on fl ower petals usually appeared in 5 d. The amounts of ethylene, IAA, and ABA were measured in calamondin fl owers 5 d after inoculation. Ethylene was collected from an individual fl ower sealed with a 50-mL syringe with plastic stoppers. Ethylene production was determined using a gas chromatograph as described by Hartmond et al. (2000) , and its concentration was indicated in nL per fl ower. IAA and ABA were purifi ed from fl ower petals with 80% methanol as described by Yuan et al. (2001) and further separated by high performance liquid chromatograph (HPLC) according to the method of Miller et al. (1987) . The amounts of IAA and ABA (presented by pmole per gram of fresh weight) were quantifi ed with enzyme-linked immunosorbent assay (ELISA) using monoclonal antibodies (Phytodetek, Elkhart, Ind.) according to the manufactureʼs recommendation. All treatments with three replicates were performed twice.
Results
Previous observation indicated that phytohormones are likely involved in young fruit drop caused by C. acutatum. To identify the types of phytohormones and other factors involved in PFD, the patterns of gene expression during C. acutatum infection were assessed in northern-blot analysis using cDNA clones associated with mature fruit abscission of 'Valenciaʼ sweet orange. Calamondin and 'Valenciaʼ sweet orange, both equally susceptible to PFD, were selected for gene expression after fungal infection. In addition, calamondin producing off-season fl owers all year long can provide suffi cient fl owers for testing fungal pathogenicity, and for evaluating the effect of hormone inhibitors on preventing young fruit drop. In total, 13 cDNA clones encoding proteins related to hormone biosynthesis and regulation, cell-wall modifi cation, signal transduction, or mature fruit-related proteins were examined for their expression patterns in healthy and in C. acutatum-infected citrus fl owers ( Table  1) . The cDNA was labeled with digoxigenin and used as a probe to hybridize the total RNA isolated from calamondin fl owers treated with the water or conidial suspension of C. acutatum (Fig. 1) . As compared to the water control, the gene encoding IAA glucose transferase was highly up-regulated in C. acutatum-infected fl owers 1 and 5 d postinoculation. In contrast, expression of the gene encoding IAA amino acid hydrase was constitutively expressed. The gene encoding auxin responsive GH3-like protein was highly expressed Each lane contains 10 µg of total RNA denatured and separated in formaldehyde-containing agarose gels, blotted onto nylon membranes, and hybridized with PCR-generated cDNA probes as indicated, then washed at high stringency. Gels were stained with ethidium bromide to ensure equal loading of the RNA samples. Fig. 2 . RNA gel blot analysis of differential expression patterns of cDNA clones as indicated in Table 1 during C. acutatum infection in 'Valenciaʼ sweet orange fl owers. Total RNA was purifi ed from the water control (H) and the C. acutatum-infected (D) fl owers 5 d postinoculation, gel electrophoresed, blotted to membranes, probed, and washed at high stringency. Gels were stained with ethidium bromide to ensure equal loading of the samples.
5 d postinoculation. Furthermore, the genes encoding 12-oxophytodienoate reductase and ACC oxidase required for JA and ethylene biosynthesis, respectively, were also differentially expressed after C. acutatum infection. The results strongly indicated that infection of C. acutatum in the citrus fl owers had directly or indirectly activated expression of genes associated with phytohormone biosynthesis or regulation. Further examination of gene expression revealed that the transcript of the gene encoding a putative ripening-related protein was not different between treatments, whereas the gene for senescence-induced nuclease was down-regulated after fungal infection (Fig. 1) . Expression of the expansin, chitinase or endo-ß-1, 3-glucanase gene was slightly up-regulated. However, the transcript of the ß-galactosidase gene decreased slightly in the affected calamondin fl owers. Similar patterns of differential gene expression in response to C. acutatum were also observed in 'Valenciaʼ sweet orange fl owers (Fig.  2) . As in calamondin fl owers, the gene transcripts of IAA glucose transferase, auxin-responsive GH3 protein, 12-oxophytodienoate reductase, and ACC oxidase were also up-regulated, but the gene encoding IAA amino acid hydrase was slightly down-regulated in 'Valenciaʼ sweet orange after infection. The results further confi rmed the patterns of differential expression of those genes in response to C. acutatum. No differential expression was observed for the genes encoding the ripening-related protein and cell-wall modifi cation enzymes (polygalacturonase, chitinase, endo-ß-1, 3-glucanase) (Fig. 2) . The gene encoding serine/threonine kinase was not differentially expressed in sweet orange.
Expression patterns of the ACC oxidase gene were further examined in various fl ower tissues and timing after C. acutatum infection. Northern-blot analysis revealed that the transcript of the ACC oxidase gene was barely detectable in the calamondin fl ower petals treated with water alone, but rapidly induced in the petals infected with C. acutatum 1 d postinoculation and continuously accumulated at a high level through 7 d (Fig. 3) . Up-regulation of the ACC oxidase gene transcript was also observed in young fruit and stigmas at 3 and 7 d postinoculation, despite the apparent downregulation at day 1. No signifi cant difference of the ACC oxidase gene transcript was observed in calyces 1 and 7 d, whereas slight induction was detected in calyces 3 d postinoculation. Overall, the ACC oxidase gene transcript was accumulated to higher levels in the citrus fl owers in response to C. acutatum colonization, implying that ethylene production is higher in infected fl owers.
The gene encoding 12-oxophytodienoate reductase required for JA biosynthesis was also examined for its spatial expression in response to C. acutatum infection (Fig. 4) . In control tissues, the gene transcript was highly expressed in young fruit, but barely detectable in petals, calyces, and stigmas 7 d postinoculation. Infection by C. acutatum apparently activated differential expression of the gene encoding12-oxophytodienoate reductase in petals, stigmas, and young fruit.
To further confi rm the results of northern-blot analysis for the possible involvement of hormones in young fruit drop after C. acutatum infection, the concentrations of ethylene, IAA, and ABA were determined in calamondin fl owers treated with water or C. acutatum (Table 2) . After infection, ethylene and IAA increased signifi cantly in citrus fl owers. The ethylene concentration in infected fl ower tissues compared to the water controls increased by 3-fold 5 d postinoculation. IAA accumulation in the infected petals was as much as 140 times that of the water control. ABA, however, showed no signifi cant difference between two treatments.
Discussion
Postbloom fruit drop of citrus, caused by C. acutatum, results in severe drop of young fruit, formation of persistent calyces, and leaf distortion, suggesting hormones are involved in symptom development (Timmer and Brown, 2000) . However, the nature of these hormones has never been investigated. In this study we investigated the differential expression patterns of genes that are up-regulated in the mature citrus fruit during abscission (Burns, 2002) to evaluate if those genes are differentially regulated in the citrus fl owers infected with C. acutatum. Analyses of gene expression profi les revealed that the genes encoding ethylene and JA biosyntheses, and IAA regulation were highly induced in both calamondin and 'Valenciaʼ sweet orange challenged with the fungus C. acutatum. Analyses of the contents of ethylene and IAA also indicated that both hormones signifi cantly accumulated in citrus fl owers after C. acutatum infection. The data provide the fi rst direct evidence to support the hypothesis for the involvement of hormones in citrus postbloom fruit drop caused by C. acutatum. The plant hormone ethylene plays a pivotal role in regulation of many developmental and stress responses in plants (Abeles et al., 1992) . The role of ethylene in fruit abscission has been well documented (Davenport and Manners, 1983; Goren, 1993; Miller et al., 1988; Nunez-Elisea and Davenport, 1986) . In many plants, the primary regulation of ethylene biosynthesis by environmental and endogenous signals is through differential expression of ACC synthase and ACC oxidase genes (Bleecker and Kende, 2000; Bonghi et al., 2000) . Colletotrichum acutatum causes drop of young fruit. Thus, after infection, higher transcript levels of the gene encoding ACC oxidase, a key enzyme for ethylene biosynthesis are detected. Induction of the ACC oxidase gene expression by C. acutatum infection could be detected as early as 1 d postinoculation and the transcript continued to accumulate for 7 d. The highest induction was detected in petals where the fungus initiated infection, clearly indicating that elevation of the ACC oxidase gene transcript is correlated with pathogen colonization. Differential expression of ACC oxidase gene was also observed in young fruit, stigmas, and calyces. Analysis of ethylene concentration by gas chromatograph reveals a 3-fold increase in the fl owers infected with C. acutatum as compared to that of the water control, further confi rming the expression pattern of ACC oxidase gene. The results also implicate ethylene involvement in citrus fruit drop caused by C. acutatum.
Formation of persistent calyces and leaf distortion with enlarged veins in C. acutatum-affected citrus may result from excessive amounts of IAA and/or other hormones. Gene expression profi les in this study support this. IAA glucose transferase is an enzyme responsible for a reversible reaction involved in the synthesis of 1-O-ß-indole-3-ylacetyl-glucose from uridine 5ʼ-diphosphate-glucose (Szerszen et al., 1994) . The gene encoding IAA glucose transferase was highly expressed, indicating a change in endogenous IAA occurs after C. acutatum infection. Since IAA glucose transferase has reversible activity (Szerszen et al., 1994) , it can also release free IAA from conjugates. Based on various symptoms associated with PFD, higher amounts of IAA after C. acutatum infection would be expected. This hypothesis was further supported by the detection of higher expression levels of an auxin-responsive GH3-like gene that has been demonstrated to be activated by IAA in tobacco (Nicotiana tabacum) (Roux et al., 1998) . Furthermore, the amount of IAA after fungal infection increased over 140 times, verifying the gene expression data. High levels of IAA may also result from de novo biosynthesis from the host plant and/or the fungal pathogen. Interestingly, C. acutatum isolates were found to produce high level of indole compounds in culture (Chung et al., unpublished data) , implying that C. acutatum plays a substantial role in elevating IAA levels. In contrast to IAA glucose transferase, the IAA amino acid hydrolysis played a minor role in increasing IAA since its transcript remained constitutively expressed after C. acutatum infection.
JA and its methyl ester (methyl JA) have been demonstrated to be involved in various aspects of plant physiological functions including fruit ripening and pathogen resistance Mullet, 1995, 1997) . Early studies showed that JA and its derivatives promoted senescence and acted as a growth regulator. The 12-oxophytodienoate reductase is one of the key enzymes involved in JA biosynthesis (Sanders et al., 2000) . In this study, the gene encoding 12-oxophytodienoate reductase was only barely detectable in healthy citrus fl owers, but highly inducible by C. acutatum infection in petals, stigmas and fruitlets. An increase in transcription of the 12-oxophytodienoate reductase gene suggests that C. acutatum may trigger higher production levels of JA. JA has been demonstrated to cause mature fruit abscission in citrus (Hartmond et al., 2000) . As in the mature fruit, JA may also be involved in young fruit drop caused by C. acutatum. We did not measure the JA content, but a higher JA content likely occurred after fungal infection.
The role of ABA in fruit drop remains uncertain. However, a close relationship between ABA concentration and abscission of citrus fruit has been suggested (Talon et al., 1997) . We measured the ABA content and found that ABA was not signifi cantly changed in citrus fl owers after fungal infection, suggesting that ABA may play little or no role in young fruit drop caused by C. acutatum.
Except for higher expression of gene transcripts for hormone regulation and biosynthesis, infection by C. acutatum also triggered differential expression of the gene encoding expansin in calamondin fl owers. Expansins are a group of proteins involved in cell wall loosening and extension with a possible role in fruit ripening (Harrison et al., 2001; McQueen-Mason et al., 1992) . Higher levels of the expansin gene transcripts in diseased fl owers may imply that expansin activity is in part involved in young fruit drop. However, no differential expression of the expansin gene transcript was observed in sweet orange fl owers. The level of expansin in abscission zones and its involvement in fruit drop requires further investigation. The chitinase and endo-ß-1,3-glucanase genes, but not ß-galactosidase gene, were up-regulated after C. acutatum infection in calamondin fl owers. However, no differentiation of these genes was observed in sweet orange. Although no cultivar of citrus resistant to C. acutatum has been identifi ed, differential expression of chitinase and endo-ß-1,3-glucanase genes in calamondin may indicate a defensive response to fungal invasion. Many chitinase genes are major pathogenesisrelated (PR) genes and have been demonstrated to be highly inducible by various biotic and abiotic stresses (Van Loon and Van Strien, 1999) . A group of chitinase genes is also associated with fruit ripening in grape (Vitis vinifera L.) (Robinson et al., 1997) . Other cell-wall degrading enzymes including glucanase, polygalacturonase, and cellulase have also been shown to be associated with fruit abscission in various plants (Bonghi et al., 2000) . Although no differential gene expressions of endo-ß-1,3-glucanase, ß-galactosidase, or polygalacturonase were detected in citrus after C. acutatum infection, their roles in PFD cannot be completely ruled out. The gene encoding senescence-related protein has been shown to be involved in leaf and stem senescence in Arabidopsis (Pérez-Amador et al., 2000) , however, its expression was strongly inhibited in calamondin fl owers after C. acutatum infection.
Many plant species, including citrus, set excess fl owers and fruit, and undergo physiological drop of immature fruit to adjust fruit load. The mechanisms in which natural drop occurs during early fruit development are highly variable between species and have been investigated in some detail (Bangerth, 2000; Bonghi et al., 2000; Gómez-Cadenas et al., 2000) . The processes of natural young fruit drop are complex and are apparently involved in degree of fertilization, disturbances in embryogenesis, adverse environmental conditions, nutrient competition, and hormone regulations (Bonghi et al., 2000) . Among hormones, ethylene and auxin have been tightly linked to young fruit abscission, and may contribute to young fruit drop caused by C. acutatum. The higher levels of gene transcripts related to IAA regulation, JA and ethylene synthesis, and higher levels of IAA and ethylene contents were detected in affected fl owers, further confi rming their possible roles in young fruit drop.
Although higher transcription levels do not always refl ect the levels of translation, identifi cation of genes differentially expressed during C. acutatum infection provides a strong indication for the types of phytohormones that are likely involved in postbloom fruit drop. In this study, we have established a close correlation between gene expression and hormone accumulation using gene expression profi les and biochemical analyses. The results indicated that infection by C. acutatum triggered marked changes in IAA, ethylene, and JA, which may directly and indirectly attribute to the development of young fruit drop and other symptoms. Further investigations using inhibitors for IAA, ethylene, and/or JA biosynthesis will be necessary to elucidate the mechanisms by which the fungus causes fruit drop and other symptoms.
